Denaturing gradient gel electrophoresis (DGGE) of PCR-amplified ribosomal DNA (rDNA) is routinely used to compare levels of diversity of microbial communities and to monitor population dynamics. While using PCR-DGGE to examine the bacteria in wine fermentations, we noted that several commonly used PCR primers for amplifying bacterial 16S rDNA also coamplified yeast, fungal, or plant DNA present in samples. Unfortunately, amplification of nonbacterial DNA can result in a masking of bacterial populations in DGGE profiles. To surmount this problem, we developed two new primer sets for specific amplification of bacterial 16S rDNA in wine fermentation samples without amplification of eukaryotic DNA. One primer set, termed WLAB1 and WLAB2, amplified lactic acid bacteria, while another, termed WBAC1 and WBAC2, amplified both lactic acid bacterial and acetic acid bacterial populations found in wine. Primer specificity and efficacy were examined with DNA isolated from numerous bacterial, yeast, and fungal species commonly found in wine and must samples. Importantly, both primer sets effectively distinguished bacterial species in wine containing mixtures of yeast and bacteria.
Winemaking involves a mixed culture of numerous microorganisms including fungal, yeast, and bacteria species (6) . The principal bacteria present in wine are members of the lactic acid bacteria (LAB), acetic acid bacteria (AAB), and to a lesser extent species of bacilli (13) . LAB and AAB are often present on the surface of the grape and can represent significant populations in musts (17) . LAB play dual roles in wine fermentations: as agents of wine spoilage and as the main effector of secondary, or malolactic, fermentation. Most LAB found in wine, including members of Oenococcus, Lactobacillus, Pediococcus, and Leuconostoc, are microaerophilic and able to grow in the anaerobic environment of fermenting wine (24) . In contrast, wine-related AAB, such as members of Gluconobacter or Gluconacetobacter, are obligately aerobic and loosely categorized as vinegar bacteria (7, 24) . Both AAB and LAB can produce acetic acid, a potential inhibitor of growth and alcohol production by Saccharomyces cerevisiae (18) .
Most bacterial species present in wine fermentations have been identified by traditional microbiological techniques involving cultivation. However, as observed with microbial ecological studies of other environments, cultivation-dependent methods often exhibit biases resulting in an incomplete representation of the true bacterial diversity present (1, 16) . Applications of culture-independent molecular techniques to monitor the microbial successions of various food and beverage fermentations have revealed microbial constituents and microbial interactions not witnessed by previous plating analyses (14) . One example of this is the recent use of epifluorescence microscopy to identify populations of viable but not culturable bacteria (both LAB and AAB) in aging wine (20) .
Denaturing gradient gel electrophoresis (DGGE) and temperature gradient gel electrophoresis for separation of bacterial 16S ribosomal DNA (rDNA) amplicons are common methods employed to characterize microbial communities from specific environmental niches (22) . These approaches are attractive since they enable detection of individual species as well as overall profiling of community structure changes with time. We have recently developed DGGE methods to characterize the yeast diversity present in commercial wine fermentations (9) . In the process of applying DGGE methods to monitor the bacterial populations in wine, we noted that most commonly used 16S rDNA primers readily amplified yeast, fungal, or plant DNAs that copurify with bacterial DNA isolated from wine. Such nontarget amplification from purportedly bacterium-specific primers can create misleading DGGE profiles and result in overestimation of the bacterial diversity present in environmental niches that harbor mixtures of fungi, plants, and bacteria. In this work, we document the amplification of fungal and plant DNA from many 16S rDNA-based primers used for profiling bacterial populations by DGGE and characterize two new primer sets (WBAC1-WBAC2 GC and WLAB1-WLAB2 GC ) for specific amplification of the LAB and AAB populations in wine. DNA extractions. For the isolation of DNA from yeast and fungal species, DNA was purified by procedures described previously (21) . For isolation of bacterial DNA, the cell pellet from a 1.5-ml culture sample was resuspended in 200 l of breaking buffer (2% Triton X-100, 1% sodium dodecyl sulfate, 100 mM NaCl, 10 Two hundred microliters of TE (10 mM Tris, 1 mM EDTA, pH 8) was added, and the bead-cell mixture was centrifuged at 11,000 ϫ g for 5 min at 4°C. The aqueous phase was removed to another microcentrifuge tube, and the DNA was precipitated with 1 ml of 100% ethanol and centrifuged at 12,000 rpm for 10 min at 4°C. The pellet was washed with 70% ethanol, dried, and resuspended in 50 l of sterile distilled water containing 1 l of RNase (500 g per ml; Sigma Chemical Co., St. Louis, Mo.). The sample was then incubated at 37°C for 30 min before storage at Ϫ20°C.
Plant DNA was isolated from sterilely propagated Vitis vinifera L. cv. Chardonnay with the Plant DNeasy kit as described by the manufacturer (Qiagen, Valencia, Calif.).
DNA amplification and primers. Primers used in this study and their approximate positions on the Lactobacillus plantarum 16S rDNA partial gene sequence (accession number AJ271852; see Fig. 1 ) are as follows: HDA1 (5Ј-ACTCCTA CGGGAGGCAGCAGT-3Ј; nucleotides [nt] 349 to 369) and HDA2 (5Ј-GTAT TACCGCGGCTGCTGGCAC-3Ј; nt 526 to 547) (25) , Ec338f (5Ј-ACTCCTAC GGGAGGCAGCAG-3Ј; nt 349 to 368) and Ec518r (5Ј-ATTACCGCGGCTG CTGG-3Ј; nt 529 to 545) (2, 4), U968 (5Ј-ACGCGAAGAACCTTAC-3Ј; nt 977 to 992) and L1401 (5Ј-GCGTGTGTACAAGACCC-3Ј; nt 1392 to 1409) (29) , Ec1055 (5Ј-ATGGCTGTCCGTCAGCT-3Ј; nt 1063 to 1078) and Ec1406 (5Ј-A CGGGCGGTGTGTAC-3Ј; nt 1399 to 1413) (12), GM5f (5Ј-CCTACGGGAG GCAGCAG-3Ј; nt 352 to 368) and 907R (5Ј-CCGTCAATTCCTTTRAGTTT-3Ј; nt 916 to 935) (23), Lac1 (5Ј-AGCAGTAGGGAATCTTCCA-3Ј; nt 364 to 382) and Lac2 (5Ј-ATTTCACCGCTACACATG-3Ј; nt 690 to 707) (28), 63f (5Ј-CAGGCCTAACACATGCAAGTC-3Ј; nt 27 to 48) (11, 19) , WBAC1 (5Ј-G TCGTCAGCTCGTGTCGTGAGA-3Ј; nt 1069 to 1090), WBAC2 (5Ј-CCCGG GAACGTATTCACCGCG-3Ј; nt 1374 to 1394), WLAB1 (5Ј-TCCGGATTTA TTGGGCGTAAAGCGA-3Ј; nt 565 to 589), WLAB2 (5Ј-TCGAATTAAACC ACATGCTCCA-3Ј; nt 951 to 972). To facilitate DGGE separation, a GC-rich sequence (5Ј-CGCCCGCCGCGCCCCGCGCCCGGCCCGCCGCCCCCGCC CC-3Ј) was attached to one of the primers in each primer pair. Table 1 . Amplicons were run on 2% agarose gels, stained with ethidium bromide, visualized under UV light, and photographed with a Multimage light cabinet (Alpha Innotech Corporation, San Leandro, Calif.).
DGGE analysis. The DCode universal mutation detection system (Bio-Rad, Hercules, Calif.) was used for sequence-specific separation of PCR products. PCR products obtained from WLAB1-WLAB2 GC and WBAC1-WBAC2 GC primers were run on 8% (wt/vol) polyacrylamide gels in a running buffer containing 40 mM Tris-acetate and 2 mM Na 2 -EDTA ⅐ H 2 O, pH 8.5 (TAE), and a denaturing gradient from 30 to 60% of urea and formamide. The electrophoresis was performed at 20 V for 10 min, 200 V for 2 h, and 120 V for 2 h at a constant temperature of 60°C. PCR products generated with the Ec338f GC -Ec518r primer pair were analyzed by DGGE as described previously (2) . Ec1055-Ec1406 GC amplicons were separated with 8% polyacrylamide gels containing a 40 to 60% urea-formamide gradient. Electrophoresis was performed for 10 h at 120 V at a constant temperature of 60°C. After electrophoresis, the DGGE gels were stained in 1.25ϫ TAE solution containing ethidium bromide and photographed under UV transillumination. Bands of interest were excised directly from the gels with a sterile blade, mixed with 40 l of water, and incubated overnight at 4°C. Two microliters of this solution was used to reamplify the PCR product. The PCR products were purified with a Wizard PCR purification kit (Promega) and sent to a commercial sequencing facility for sequencing (Davis Sequencing, Davis, Calif.).
Sequence analysis. Sequence compilation and comparison were performed with Genetics Computer Group sequence analysis software using the BLAST program. Primer sets WLAB1-WLAB2 GC and WBAC1-WBAC2 GC were tested for specificity against the 16S rRNA Ribosomal Database (10) with the program OligoCheck, version 0.93. All analyses allowed for two mismatches per primer. Individual primers were checked for specificity against eukaryotic targets by BLAST analysis.
RESULTS
Amplification of eukaryotic DNA using common 16S rDNA primers. Most 16S rDNA-based primer sets used for DGGE studies amplify either the V3 or the V6 to V8 variable regions (variable regions as described in reference 27) (Fig. 1) . Initial PCR-DGGE and sequence analyses of DNA samples purified directly from a botrytized white wine fermentation revealed that bacterium-specific 16S primers Ec338f GC and Ec518r (2) readily amplified yeast 18S rDNA (Fig. 2) . Given that DNA isolated from wine comes from eukaryotic as well as bacterial sources, we tested these primer sets for amplification of various yeast, fungal, and plant DNAs known to be present in the grape, wine, or winery environment. As shown in Table 2 , the V3 region primers HDA1-HDA2 GC (25) and Ec338f GCEc518r produced amplicons from most of the yeasts found in the wine environment. In addition, the Ec338f GC -Ec518r primer pair generated an amplicon from V. vinifera L. cv. Chardonnay DNA. Note that HDA1-HDA2 GC and Ec338f GCEc518r are nearly identical primer sets developed independently (2, 25) . V6 to V8 region PCR primers U968 GC -L1402 (29) and Ec1055-Ec1406 GC (12) did not produce amplicons from yeast DNA although the Ec1055-Ec1406 GC pair generated amplicons from the fungal strains Fusarium lateritium, Botrytis cinerea, and Stemphylium botryosum ( Table 2) . Both V6 to V8 region primer pairs produced amplicons from V. vinifera DNA. To ensure that the amplicons were truly generated from the target DNAs and not emanating from bacterial contamination of these DNAs, select fungus-, yeast-, and plant-generated amplicons were sequenced. Results indicated that, in general, the V3 region primers amplified fungal or yeast 18S rDNA while the V6 to V8 region primers amplified plant chloroplast rDNA.
We then examined several other published 16S rDNA-based primers on select bacterial, yeast, fungal, and plant DNAs (Table 3) ; however, all were found to be unsuitable for wine analysis. Primer pair Lac1-Lac2 GC was specific for LAB but did not amplify the common wine LAB O. oeni. Primer set GM5F GC -907R did not amplify O. oeni and Pediococcus sp. strain PC8000 and produced an amplicon on plant DNA. Primer set 63f GC -HDA2 amplified LAB and AAB, but it also produced a product with grape DNA.
Competition between bacterial and eukaryotic DNA in mixed-template PCRs. In addition to causing an overestimation of the bacterial diversity inherent in an environmental sample, amplification of nontarget organisms can limit the detection of true bacterial species because DNA from the nontarget organisms competes with the bacterial DNA for primers and deoxynucleoside triphosphates during PCR amplification. It has been suggested that competition between bacterial templates that represent less than 1% of the total microbial content results in omission of populations on DGGE gels (22) . Using yeast-specific primers, we observed that wine
FIG. 2. "Bacterial" DGGE pattern obtained with the Ec338f
GCEc518r2 primer set on samples collected from a botrytis-affected wine fermentation (21) . The two observable bands were excised, reamplified, sequenced, and compared to GenBank sequences for identification. Both bands were determined to be 18S rDNA from Saccharomyces or Candida yeast species. yeast populations as low as 0.1% of the total yeast population could be revealed by PCR-DGGE (8) . Since the V6 to V8 region primers Ec1055-Ec1406 GC and U968 GC -L1402 did not produce amplicons from yeast DNAs but did with plant DNAs, we examined the impact of the amplification of grape DNA on the ability to detect a target bacterial species by DGGE. Different amounts of V. vinifera grape DNA were mixed with a constant level of DNA from Lactobacillus plantarum (150 ng), and the mixture was amplified with the Ec1055-Ec1406 GC primer set. The resultant amplicons were then run on DGGE. As shown in Fig. 3 , the clarity of the Lactobacillus plantarum band was impacted when the Lactobacillus plantarum-to-V. vinifera DNA template ratio fell between 13:1 and 2:1 (Fig. 3) . When equal or larger amounts of V. vinifera DNA relative to Lactobacillus plantarum DNA were included in the PCR, little or no evidence of the corresponding Lactobacillus plantarum band was observed in the resultant DGGE gel. These results demonstrate the potential masking effect of nontarget DNA on DGGE gel profiling and signify the importance of considering potential nontarget amplification when using DGGE to characterize bacterial communities.
Wine bacterium-specific primers. Unlike that in many ecological niches, the diversity of bacterial genera found in wine is relatively limited, consisting mostly of LAB and AAB species (13) . Given the prevalence of nontarget yeast, fungal, or plant amplifications using previously published primers, we designed new primer sets that described the majority of LAB and AAB species while avoiding nontarget amplifications. The first primer set, WBAC1-WBAC2 GC , targets the V7 to V8 16S
FIG. 3. Masking effect of V. vinifera plant (Chardonnay) DNA on bacterial populations in DGGE profiles with the Ec1055-Ec1406
GC primer set. PCR was carried out on mixtures containing differing amounts of bacterial and plant DNA as indicated in Table 1 for the Ec1055-Ec1406 GC primer set. rDNA region and produced a ϳ320-bp amplicon on 14 LAB species and 6 AAB species (Table 4) . Database analysis indicated that the WBAC1-WBAC2 GC primers cover 70% of the eubacteria (allowing for two mismatches per primer). In particular, the primer set described 70% of the Proteobacteria (90% of the Acetobacter aceti subgroup) and 75% of the grampositive bacteria (80% of the Bacillus-Lactobacillus-Streptococcus grouping; 90% of the Lactobacillus subgroup). Additional analysis indicated the WBAC1-WBAC2 GC primers possess homology to a variety of eukaryotic targets (mostly plastid rDNAs); however, when tested empirically, the primer pair failed to produce amplicons from DNA from 15 yeast species, 10 fungal species, and a grape plant (Table 4) .
We then designed an additional primer set to identify the LAB commonly found in wine. Primer pair WLAB1-WLAB2 GC targets the V4 and V5 16S rDNA regions and produced a ϳ400-bp product from 14 LAB species. Database analysis indicates that this primer set describes 75% of the Bacillus-Lactobacillus-Streptococcus subgroup (including 90% of the Lactobacillus subgroup, 90% of the Enterococcus subgroup, and 80% of the Streptococcus subgroup). WLAB1-WLAB2 GC is not unique to LAB, as it also describes 80% of the Fusobacteria and relatives. Importantly this set does not describe the Proteobacteria. In particular, the Acetobacter aceti subgroup is not covered, and, when tested empirically, the primer set did not produce amplicons from six AAB species (Table 4) . Like WBAC1-WBAC2 GC , the WLAB1-WLAB2 GC primers possessed homology to eukaryotic targets but failed to produce amplicons on DNA from 15 yeast species, 10 fungal species, and a grape plant (Table 4) . DGGE separation of WBAC1-WBAC2 GC and WLAB1-WLAB2 GC amplicons was sufficient to be useful for ecological studies of wines and musts (Fig. 4) . As shown in Fig. 4A , the WBAC1-WBAC2 GC primer pair worked particularly well to resolve AAB strains by DGGE. Amplicons generated by WLAB1-WLAB2
GC resulted in less-diffuse DGGE bands than the WBAC1-WBAC2 GC pair; however, several LAB species tested (Lactobacillus casei, Lactobacillus sp. strain UCD9, Lactobacillus fermentans, Lactobacillus sp. strain UCD5, Lactobacillus hilgardii, and Leuconostoc mesenteroides) exhibited similar electrophoretic mobilities (Fig. 4B) .
To see if WBAC1-WBAC2 GC and WLAB1-WLAB2 GC would selectively amplify LAB and AAB from grape must containing high yeast populations, a mixed culture of S. cerevisiae, Kloeckera apiculata, P. pentosaceus, and A. pasteurianus was prepared in sterile Chardonnay must (approximately 5 ϫ 10 8 CFU per ml of each microbe). DNA was then extracted from this mixture, and PCR-DGGE was carried out using the WBAC1-WBAC2 GC and WLAB1-WLAB2 GC primers. As shown in Fig. 5 , the WBAC1-WBAC2 GC primers effectively distinguished the two bacterial species present in the must while WLAB1-WLAB2 GC selectively amplified P. pentosaceus. Importantly, neither primer pair produced additional DGGE bands from the large population of yeasts (S. cerevisiae and Kloeckera apiculata) present in the mixture.
To ensure that the WBAC primer set is applicable with actual wine samples, several commercial wine samples were examined. Two spoiled red wines which appeared to possess bacterial growth (as determined microscopically) were obtained from commercial wineries. PCR-DGGE analysis of these two wines using the WBAC primers revealed this spoilage to be individual populations of Oenococcus and Lactococcus, respectively (Fig. 6, lanes 1 and 3) . In addition, a prefermentation sample obtained from a commercial botrytized white wine fermentation was examined. Botrytized wine fermentations are known to contain large populations of Gluconobacter species (3), and previous analysis of this particular commercial fermentation revealed substantial populations of yeasts (ϳ10 7 CFU per ml) at the prefermentation stage (21) . As seen in Fig. 6 , a single dominant population of G. oxydans was identified in the botrytized white wine prefermentation sample. The fact that no yeast-derived DGGE bands were witnessed in this sample, in contrast to the Saccharomyces and Candida populations observed with the Ec338f GC -Ec518r primer pair (Fig. 1) , confirms the bacterial specificity of the WBAC primers in the presence of a large yeast population.
DISCUSSION
Bacteria are a ubiquitous presence in the production of wine. Various genera of LAB and AAB are found in fresh must, and different species are capable of persisting and growing throughout the fermentation, even after the production of significant levels of ethanol by the wine yeasts (13) . Bacterial growth in wine can have a positive or negative impact on wine quality. Growth of AAB and some LAB can result in unacceptable levels of acetic acid, potentially influencing proper growth and sugar utilization by wine yeast as well as altering the sensory attributes of the finished wine (5) . Conversely, other LAB species perform the malolactic conversion in wine, thereby enhancing stability and sensory aspects (15) .
We have previously employed DGGE to directly characterize the yeast populations in wine (9) . In the process of evaluating commonly used PCR primers for bacterial DGGE analysis, we noted that common 16S rDNA primer sets readily amplified yeast, fungal, or plant DNAs, three common constituents in any DNA sample purified directly from wine. PCR primers targeting the bacterial 16S rDNA V3 variable region (HDA1 GC -HDA2 and Ec338f GC -Ec518r) were shown to readily amplify select yeast and fungal strains. Other primers that target the V6 to V8 regions (U968 GC -L1401 and Ec1055-Ec1406 GC ) did not amplify select fungal and yeast populations; however, they did amplify plant DNA. Coamplification of nonbacterial DNA is problematic since it can result in an overestimation of the bacterial content of any particular niche. Moreover, competition between bacterial and nontarget templates during PCR may mask lower bacterial populations. This work demonstrates the importance of testing purportedly bacterium-specific PCR primers on potential eukaryotic DNAs that might copurify with bacterial DNA in environmental samples prior to embarking on a detailed analysis.
To overcome this problem, we developed new primers sets WBAC1-WBAC2 GC and WLAB1-WLAB2 GC , which readily amplify the LAB and AAB species in wine but which avoid amplification of eukaryotic DNAs. Each primer set produced a similar PCR product yield from the bacterial species analyzed (14 LAB and 6 AAB species tested with WBAC1-WBAC2 GC and 14 LAB species tested with WLAB1-WLAB2 GC ). While database analysis indicated that the WBAC1-WBAC2 GC primer set does not comprehensively cover all eubacteria, it well describes the Proteobacteria and gram-positive taxa, particularly the Acetobacter aceti and Lactobacillus subgroupings. In a similar vein the WLAB1-WLAB2 GC primer set is not exclusively specific for LAB, as it describes another bacterial taxon, Fusobacteria, albeit a group not generally found in the wine environment. Importantly, the WLAB primer set does not amplify members of the AAB (Acetobacteraceae), the other major bacterial taxon found in wines and musts. Given that the WLAB1-WLAB2 GC primer set covers the V4 and V5 16S rDNA regions, the resultant sequence analysis may not be as discriminatory as that obtained with WBAC1-WBAC2 GC (V6 to V8 region). Regardless, the WLAB1-WLAB2 GC primer set should be useful for differentiating LAB species from wine and grape environments. 
